Abstract
Introduction
The visual system of humans 152 photoreceptors in humans were constructed based on absorbance templates for the A 1 154 chromophore using λ max values of 420, 530, and 558 nm, respectively (Dartnall et al., 155 1983; Stockman and Sharpe, 2000). Absorbance spectra were corrected for lens 156 (Stockman et al., 1999) and macula (Bone et al., 1992) transmission. The visible 157 spectrum of humans was calculated as the range enclosed between the wavelengths at 158 which the absorbance of the S-cone and the L-cone were at 1% of maximum absorbance, 159
and ranged between 390 and 685 nm. For consistency, construction of cone absorbance 160 spectra and estimation of the visible spectrum were performed similarly in both fish and 161 humans; cone absorbance spectra generated for humans were quantitatively similar to the 162 commonly used sensitivity spectra (Fig. S2) . 163
164

Characterizing spectra as linear models 165
To evaluate the number of independent parameters that are required for 166 reconstructing the irradiance, reflectance, and colour-signal spectra, a principal 167 between different visual stimuli in the colour space of the animal in concern. In this 172 study, however, we were interested primarily in investigating the complexity of colour-173 signals rather than in assessing the ability of fish to distinguish between different stimuli; 174 for such a task, PCA is an optimal method. 175
Prior to performing PCA, all spectra were normalized to be of length 1 (by 176 normalizing each spectrum by its norm) to avoid differential weighting of different 177 spectra in determining the choice of principal components (Maloney, 1986) . To eliminate 178 the need for subtracting the mean value (across spectra) prior to performing PCA, 179 analysis was performed on an augmented data set that had mean zero (Maloney, 1986) . 180
This data set was generated by appending to the set of empirical spectra S 1 (λ),…,S n (λ) the 181 negations of these spectra: -S 1 (λ),…,-S n (λ). 182 To identify component frequencies in spectra, the discrete Fourier transform 208 (DFT) was applied using the Fast Fourier Transform (FFT) algorithm provided by Matlab 209 (Matlab R2009a, The Mathworks, Natick, MA, USA). DFT was calculated for each of 210 the cone absorbance, irradiance, reflectance, and colour-signal spectra examined. Many 211 spectra had considerable levels of energy at both ends of the light spectrum. Any value 212 difference between the two ends of a spectrum may introduce spurious, high-frequency 213 components into the Fourier power spectrum. A Hanning window was used to attenuate 214 these artifacts (Maloney, 1986) . In order to increase the Fourier frequency resolution to 215 0.2 cycles/μm, cone absorbance, irradiance, reflectance, and colour-signal spectra were 216 zero-padded (Bonnardel and Maloney, 2000) . See Appendix 2 for comparison between 217 PCA and DFT and validation of calculations. 218
219
Statistical analysis 220
Band-limit values for each collection of empirical spectra did not follow normal 221 distribution (Kolmogorov-Smirnov test) and their variance differed across collections 222 (Leven's test). Additionally, reflectance and colour-signal spectra within each collection 223
were not independent. Therefore, to compare the mean band-limit of two collections of 224 empirical spectra, we used a randomization test, with the difference between the means of 225 the two collections as a test statistic. The observed test statistic was compared to the null 226 distribution estimated from 10,000 replicates, as band-limits were randomly permutated 227 while maintaining the original sample sizes (Edgington, 1995). Non-parametric 228 percentile-based bootstrapping (10,000 replicates) was used to estimate the 95% 229 confidence intervals around the mean band-limit for each spectra collection (Efron and 230
Tibshirani, 1994). Statistical analyses were performed using R 2.13.0 (The R Foundation 231 for Statistical Computing). 232
233
Results
234
Complexity accounted for variation between spectra 235
To evaluate the number of independent parameters that are required for 236 reconstructing each collection of empirical spectra, we computed the linear model that 237 best fits the collection using PCA. Then, we fitted each spectrum in the collection with a 238 linear model of one through ten principal components (PCs) to determine the goodness of 239 fit (R 2 ) for each of the spectra included in the collection (see Materials and Methods and 240 collection that are biologically necessary to reconstruct is unknown. Therefore, we 244 calculated the number of PCs required for reconstructing, at the above criterion, 50% 245 (median) and 95% (5 th percentile) of the spectra in a collection. Note that the visual 246 system does not seek to reconstruct spectra -it only seeks to discriminate between objects 247 with different reflectance. However, to facilitate comparison between the dimensionality 248 of different spectra collections, in this study, we calculated the number of PCs that are 249 required to reconstruct spectra at a predefined variance criterion. 250
The exact number of PCs required for signal reconstruction depends on the 251 variance criterion used (the acceptable reconstruction error) and the proportion of spectra 252 in a collection that can be reconstructed. However, it is the difference in the number of 253
PCs between fish and humans, which is important. An additional PC was required for 254 reconstructing the aquatic irradiance (n = 80) as compared to celestial irradiance (n = 255 400) ( Fig. 1A ; see Fig. S4 for the first ten PCs for celestial and aquatic irradiance). One 256 to two additional PCs (dependent on the proportion of spectra reaching the variance 257 criterion) were required for reconstructing the reflectance of aquatic objects (n = 351) as 258 compared to the reflectance of terrestrial objects (n = 676) (Fig. 1B) . Finally, one to three 259 additional PCs were required for reconstructing the colour-signal of aquatic objects (n = 260 28 080) as compared to the colour-signal of terrestrial objects (n = 270 400) (Fig. 1C) . 261
To test whether the difference in the number of PCs between fish and humans 262 depends on the visible spectrum used, aquatic irradiance, and the reflectance and colour-263 signal of aquatic objects were re-analyzed while accounting for the visible spectrum of 264 humans. The difference in the number of PCs required for reconstructing the aquatic 265 irradiance as compared to celestial irradiance did not change (Table 1A) . However, the 266 difference in the number of PCs required for reconstructing the reflectance and colour-267 signal of aquatic objects compared to terrestrial objects decreased to zero to one PC for 268 reflectance (Table 1B) and to one to two PCs for the colour-signal (Table 1C) . Thus, the 269 greater number of PCs required for reconstructing aquatic colour-signals arose partly 270 from extending the visible spectrum into the UV, but also from characteristic differences 271 between aquatic and celestial irradiance. 272
The aquatic irradiance data analyzed above were collected from Lake Malawi, a 273 clear, oligotrophic lake. To test whether the reported findings hold for diverse water 274 types, analysis was repeated on irradiance taken from diverse ecosystems (Fig. 1D ). An 275 additional PC was required for reconstructing the aquatic irradiance in comparison to 276 celestial irradiance, no matter if aquatic irradiance was collected from freshwater 277 eutrophic (n = 240), freshwater oligotrophic (n = 80), or marine eutrophic (n = 131) 278 systems. Thus, the larger number of PCs required for reconstructing the colour-signal of 279 aquatic objects (higher complexity) is likely a characteristic of the aquatic environment. 280
281
Complexity accounted for variation in spectra across wavelengths 282
Knowledge of the complexity of the colour-signal arriving at the eye is 283 indispensable; however, it is important to consider what are the constraints of the visual 284 system that determine how the colour-signal is being sampled. In fact, the broad spectra 285 of cone photoreceptors are band-limited functions that pass little energy at frequencies 286 beyond a given band-limit or frequency (Barlow, 1982) . That is, the photoreceptors 287 cannot sample high-frequency fluctuations between wavelengths; they smooth the signal, 288 and therefore, lose information. To study the frequency characteristics of cone 289 photoreceptors in fish and humans, cone absorbance spectra were decomposed into their 290 discrete Fourier components, each having a frequency expressed as cycles per 291 wavelength [this frequency refers to the abscissa of the Fourier transform of the spectrum 292 rather to the frequency of light, sometimes called the comb frequency (Barlow, 1982) ] 293 ( Fig. 2A-D) . The band-limit of a spectrum was defined as the frequency above which 294 only 1% of the cumulative energy was found. 295
The band-limit of cone photoreceptors decreased when moving from short 296 (narrow bandwidth) to long (broader bandwidth) wavelength-sensitive cones. The band-297 limits of fish cones spanned a wider range of frequencies, and the band-limits of the three 298 short-wavelength cones in fish were higher than those in humans (fish: 7.22-16.01 299 cycles/μm, humans: 8.39-14.45 cycles/μm) ( Fig. 2E,F ; Table S1 ). Therefore, these fish 300
cones (compared to all human cones) could better sample high-frequency fluctuations 301 between wavelengths, and lost less information from the incident signal. This result is 302 linked directly to the observation that fish typically possess a larger number of short-303 wavelength sensitive cones, which can, in contrast to human cones, extend into the UV 304 spectral range. The Nyquist sampling theorem determines the number of samples (e.g., 305
cone photoreceptors) required to reconstruct a signal up to a certain frequency. The 306 relation between the band-limit of a signal f (cycles/μm) and the number of significant 307 independent samples n required to reconstruct the signal is: n = 2Wf where W stands for 308 the width of the visible spectrum (μm) (Slepian and Pollak, 1961). Thus, the band-limit 309 of photoreceptors is related directly to the minimal number of photoreceptors required for 310 reconstructing the signal up to the band-limit. The number of samples required to 311 reconstruct the band-limited colour-signal that is passed by cones in fish (5.23 to 11.60) 312 was higher by up to three samples (dependent on cone class) than in humans (4.96 to 313 8.53); results for humans are consistent with past studies (Barlow, 1982; Maloney, 1986) . 314
Thus, fish would require four to six cone classes (additional one to three cone classes in 315 comparison to humans) to reconstruct the band-limited colour-signal sampled by cones. 316
As shown above, given the filter properties of their photoreceptors, fish could 317 recover higher frequencies from the signal received (higher band-limits). However, this 318 would be advantageous only if the band-limit of aquatic colour-signals is equal to or 319 higher than those of fish cones. To investigate whether this is the case, irradiance, 320 reflectance, and colour-signal spectra were expressed as band-limited functions ( proportion of high frequencies in aquatic colour-signals arose from a greater proportion 328 of high frequencies in the aquatic irradiance (Fig. 4C) rather than in the reflectance of 329 aquatic objects (Fig. 4D) . Additionally, apart from the short-wavelength photoreceptors 330 (S-cone in humans and SWS1 in fish), which adequately sampled the colour-signal of 331 most aquatic objects (for fish) and terrestrial objects (for humans), photoreceptors 332 undersampled the colour-signal of approximately half of relevant objects ( Fig. 4A,B; left 333 axes). That is, the band-limits of photoreceptors were lower than those of the colour-334 signals; the colour-signals contain frequencies that are higher than those that can be 335 recovered by photoreceptors, for both fish and humans. In conclusion, the capability of 336 advantage and allows enhanced reconstruction of the colour-signal. 338 339 Discussion 340 341
Complexity of aquatic and celestial irradiance 342
We found that the spectrum of aquatic irradiance in diverse freshwater and marine 343 ecosystems is more complex than the spectrum of celestial irradiance. The greater 344 complexity of aquatic irradiance spectra was derived from greater variation between 345 irradiance spectra, as determined using PCA (Fig. 1D) , as well as from greater variation 346 in individual irradiance spectra across wavelengths as determined using DFT, for 347 freshwater oligotrophic -Lake Malawi (Fig. 4C) CI celestial =5.001-5.091, n marine =131, n celestial =400) systems. The greater variation between 351 aquatic irradiance spectra is linked directly to the stronger light attenuation in water, 352 which results in strong dependence of the irradiance spectrum on the viewing orientation 353 and water depth. Thus, aquatic irradiance, that is incident on objects that only slightly 354 differ in depth or in the orientation in which they are being viewed, would be 355 substantially different, leading to the greater complexity of aquatic irradiance. In fact, the 356 complexity of aquatic irradiance across narrow depth ranges and at a single orientation 357 was comparable to that of celestial irradiance. Specifically, the number of PCs required 358 for reconstructing the celestial irradiance was similar to that of downwelling aquatic 359 irradiance encountered across the 3 to 6 m depth range as well as across the 12 to 15 m 360 depth range in Lake Malawi, with one and two PCs required for reconstructing 50% and 361 95% of spectra in each of the collections, respectively. This further illustrates the strong 362 effect of the attenuation in water on the variation between aquatic irradiance spectra. In 363 contrast, the greater variation in individual aquatic irradiance spectra across wavelengths 364 might be associated with the fact that aquatic irradiance represents celestial irradiance 365 after being refracted at the water surface and transmitted through water. Thus, any 366 dissolved or particulate matter in the water that specifically attenuates discrete spectral 367 depth, but still exhibit considerable energy at relatively high frequencies, leading to high 372 complexity. Taken together, the greater complexity of aquatic irradiance arises from the 373 stronger spectrally-specific attenuation in water and the strong dependence of aquatic 374 irradiance on depth and orientation. 375
Note that the celestial irradiance data set analyzed in this study combined spectra 376 from four different sources, each using different measuring equipment and protocols. 377
Additionally, celestial irradiance was measured under a wide range of environmental and 378 meteorological conditions, e.g., from sunrise to sunset, under variable cloud cover, fog 379 and haze conditions, and in open fields and under vegetation. In contrast, each of the 380 aquatic irradiance data sets was measured in a single study, in a small number of near by 381 sites, typically around noon, and always under clear sky. These differences in data 382 collection procedures may suggest that the complexity differences between aquatic and 383 terrestrial irradiance are even larger than estimated by our analysis, further supporting our 384 conclusion that the spectrum of aquatic irradiance is more complex than that of celestial 385 irradiance. 386 387
Complexity of the reflectance of aquatic and terrestrial objects 388
We found that the complexity of the spectral reflectance of aquatic and terrestrial 389 objects is largely comparable, and shows a slight dependence on the spectral range 390 examined. Using PCA, one to two additional PCs were required for reconstructing the 391 reflectance of aquatic objects compared to the reflectance of terrestrial objects. However, 392 this difference in the number of PCs decreased to zero to one PC when re-analyzing the 393 reflectance of aquatic objects while accounting for the visible spectrum of humans. 394
Additionally, using DFT, the band-limit of the reflectance of primate fur and skin was 395 significantly higher than that of the body pattern of fish. However, the band-limit of the 396 reflectance of fruit and algae did not differ significantly. Thus, in general, the complexity 397 of the reflectance of aquatic and terrestrial objects was comparable. This suggests that the 398 greater complexity observed in the colour-signal of aquatic objects, compared to 399 terrestrial objects, likely arose from the greater complexity of aquatic irradiance. 400
Interestingly, the complexity of the reflectance of integumentary tissues (i.e., fish 401 body pattern and primate fur and skin) was lower than that of fruit and algae. This 402 difference in complexity might have arisen from differences in the mechanism of colour 403 production between the groups. The reflectance of fruit and algae is largely determined 404 by the pigments they contain (Gross, 1987) signals of aquatic and terrestrial objects. These authors collected colour-signal (radiance) 457 spectra of natural scenes using a multispectral imager, but referred to the data collected as 458 reflectance rather than radiance. The authors, however, discussed the considerable 459 inaccuracies that might be produced by such approximation, especially under water. highly critical, as any information that is not being sampled by the photoreceptors is 504 permanently lost, and cannot be used for later retinal processing (no matter whether it is 505 retinal or cortical). Thus, the role of high-order processing in object discrimination under 506 variable illumination conditions has not been addressed in the current study. Moreover, 507 the variation between colour-signals in the immediate surroundings of the animal and the 508 visual tasks at hand may also shape the number of cone classes. For example, a 509 hypothetical animal needs to discriminate between objects only at a specific depth, line of 510 sight, and time of the day (small variation in incident irradiance). This animal would 511 require a relatively small number of cone classes to allow discrimination between the 512 available objects, without any need to discount for changes in incident irradiance. 513
However, greater variation in the incident irradiance would favor a visual system with a 514 larger number of cone classes to allow accurate recovery of object reflectance and 515 discrimination between the available objects. 516 Furthermore, the requirement for four to six cone classes for the reconstruction of 517 aquatic colour-signals holds only for shallow water that is characterized by irradiance of 518 high levels and a broad spectrum. However, the gradual decrease in irradiance and 519 narrowing of the irradiance spectrum with increasing water depth, would favor colour 520 vision systems with gradually decreasing number of cone classes. Eventually, the dim 521 and almost monochromatic irradiance encountered at deep water would favor one 522 1994). This special configuration enhances the ability of photoreceptors to recover high 542 frequency energy from the arriving colour-signal (higher band-limit), and necessitates the 543 use of a large number of photoreceptor classes to allow colour-signal reconstruction 544 (Osorio et al., 1997). We suggest that the requirement for a large number of 545 photoreceptor classes for signal reconstruction together with the relatively high 546 complexity of aquatic irradiance may render the eight-channel colour vision system in 547 stomatopods cost effective, representing an adaptation that may allow exquisite object 548 discrimination capabilities. 549
The current study significantly advances our understanding of the evolution of 550 four-dimensional colour-vision systems in fish. The number of cones required for 551 reconstructing aquatic colour-signals was larger than that of terrestrial colour-signals, 552 regardless of whether the unfiltered or the band-limited (passed by the cones) colour-553 signal was considered. Therefore, our results, based on two independent approaches, 554
show that fish would require four to six cone classes for reconstructing the colour-signal 555 of aquatic objects at the accuracy level achieved by humans viewing terrestrial objects. 556
The need for a larger number of cone classes for colour-signal reconstruction was an 557 attribute of the aquatic environment, and was true for diverse marine and freshwater 558 ecosystems. This may suggest that the large diversity of cone opsin genes and four-559 dimensional colour vision in fish are of adaptive significance, and have likely evolved to 560 enhance the reconstruction of the complex colour-signal in aquatic environments. Celestial (zenith) irradiance (n = 18) was measured just above the water surface at 607 each of the sampling sites in Lake Malawi using the same spectroradiometer 608 configuration described above. Additionally, three data sets of celestial irradiance spectra 609 were adopted. The first data set (n = 66) was obtained at the Nouragues field station in 610 To reliably represent the irradiance incident on terrestrial objects, zenith celestial 624 irradiance was analyzed (sidewelling celestial irradiance is typically lacking in the 625 literature, and challenging to measure due to the inclusion of obstacles in the light path). 626
However, light attenuation is considerably larger in water than in air (Lythgoe, 1979) , 627 rendering the effect of the path length over which light is transmitted through the medium 628 considerably larger in the aquatic than in the terrestrial environment. Therefore, to 629 reliably represent the irradiance incident on aquatic objects, downwelling and sidewelling 630 aquatic irradiance that was measured at different depths was analyzed. 631
Spectral reflectance of algae (n = 47) was measured at three near-shore sites in 634 Lake Malawi (see the Aquatic spectral irradiance section for description of the study 635 sites). Algae reflectance was measured using a custom-built probe that included a diving 636 flashlight (mini Q40, Underwater Kinetics, Poway, CA, USA) and a fiber-coupled 637 spectroradiometer (Jaz, Ocean Optics). The tip of the flashlight was fitted with an adaptor 638 that held the optical fiber (QP600-2-UV-VIS, Ocean Optics) oriented at an angle of 45º to 639 the examined surface. Both approaches used, expressing spectra as linear models using PCA and 685 expressing spectra as band-limited functions using DFT, estimate the degrees of freedom 686 of the signal. However, while PCA examines the statistics (dimensionality) of a whole 687 collection of spectra, DFT examines the distribution of energy across comb frequencies 688 (Barlow, 1982) R 2 coefficients for linear models of one through ten principal components (PCs), for irradiance, reflectance, and colour-signal spectra. The median R 2 indicates the value above which the R 2 values corresponding to 50% of spectra in a collection fell. The 5 th percentile of R 2 indicates the value above which the R 2 values corresponding to 95% of spectra in a collection fell. The median and 5 th percentile of the R 2 coefficient are given for (A) celestial (n = 400) and aquatic (n = 80) irradiance, (B) reflectance of terrestrial (n = 676) and aquatic (n = 351) objects, and (C) coloursignal of terrestrial (n = 270 400) and aquatic (n = 28 080) objects. For aquatic irradiance, and the reflectance and colour signal of aquatic objects, spectra were fitted to linear models while accounting for the visible spectrum of fish (fish VS), and again while accounting for the visible spectrum of humans (human VS). R 2 values just exceeding the R 2 = 0.99 criterion are marked in bold.
